Although urogenital microbial infection in pregnancy is an important cause of maternal and neonatal morbidity and mortality, the mechanisms of defense against gestational intrauterine infection are poorly understood (8, 14, 23) . Evidence obtained in studies of both humans and rats suggests that the bacteriostatic actions of nitric oxide (NO) are an important component of defense against urogenital infection (16, 30, 33) . Nitric oxide is synthesized in situ from an L-arginine substrate by one or more of three NO synthase isoforms (NOS I, NOS II, and NOS III), each of which has been identified in the mouse, rat, and human (1, 27, 40, 41) .
Several lines of evidence have demonstrated the involvement of intracellular NO in the host defense mechanisms against bacterial infections (5, 27) . Recently, NO production and three NOS isoforms were reported to be present in rat uterine tissues, and elevated NOS II expression was demonstrated to contribute to the increased NO production in the rat uterus and consequent uterine quiescence during gestation (3, 4, 40) . However, the role of the NO system in uterine defense mechanisms is not well understood.
Three separate lines of evidence from our laboratories have suggested that increased NO production by the urogenital tract in pregnancy protects against Escherichia coli infection. First, inhibition of NO synthesis in pregnant rats with an intrauterine infection increases maternal death (30) . Second, the sensitivity of the female rat or mouse urinary tract to E. coli infection was increased with inhibition of NO (30, 33) . Third, a spontaneous, localized increase in NO production and the expression of inducible NO synthase (NOS II) was observed in response to intrauterine infection (6) . Interestingly, an in vitro NO donor had no bactericidal or static effect on bacterial growth, suggesting an indirect inhibitory effect on infection, possibly by modification of epithelial cell function.
Uropathogenic E. coli strains, especially those of the O75 serotype, have been found to be associated with unique gestational virulence (13) . These strains express a gene cluster encoding Dr adhesins that allows E. coli invasion and accounts for 40% of pyelonephritis cases in the third trimester (12) . In addition, Dr ϩ E. coli can cause chronic diarrhea in children and has been associated with recurrent or chronic urinary tract infection (32) . Recent studies have demonstrated that adherence and invasion by E. coli in human cervical epithelial cells, HeLa cells, depends very much upon the presence of Dr fimbriae (10) . In the absence of fimbriae, E. coli had no significant invasion.
The epithelial cell entry of Dr ϩ E. coli is mediated by a cellular receptor, decay-accelerating factor (DAF; CD55) (31, 36) . Binding of Dr ϩ E. coli to the short consensus repeat 3 domain of DAF, expressed in Chinese hamster ovary (CHO) cells was found to be critical for internalization to occur (36) . Moreover, the extent of Dr ϩ E. coli binding and internalization in these cells was shown to be proportional to the level of DAF protein expression (36) . The physiological function of DAF is to protect the host cell from the cytotoxic effects of complement activation (24, 25) . DAF is expressed by the human endometrial epithelium, and its expression is dynamically reg-ulated through the menstrual cycle (42) . DAF is also highly expressed at the feto-maternal interface. These locations of DAF are important, as the semiallogenic fetus requires protection from the complement attack. This is further supported by the studies showing that 100% of fetal mice deficient in the closely related protein CRRY are lost during pregnancy in a complement C3-dependent process (39) .
Increasing NO production clearly decreases the rates and severity of infection by Dr ϩ E. coli, and treatment with an NO synthesis inhibitor clearly increases the severity of infection (30, 33) . However, NO may not be very effective at directly killing E. coli, and Dr ϩ E. coli is not readily killed by human leukocytes (19) . We therefore hypothesized that the urogenital (uterine) NO system might participate in a unknown host defense mechanism(s) preventing bacterial invasion by suppressing DAF expression. To test this hypothesis at the cellular level, we used a urogenital epithelial cell model (Ishikawa cells) that fulfills three criteria: (i) expression of NO synthases, (ii) expression of DAF, and (iii) allowing invasion of E. coli that is associated with gestational infections. We evaluated the modulating effects of NO on DAF expression and internalization of recombinant Dr ϩ E. coli and the Dr Ϫ mutant. Here, we provide evidence for a novel cellular mechanism of NO-controlled bacterial virulence by means of a unique modulatory effect on DAF receptor expression and therefore alteration of the risk of epithelial cell invasion.
Portions of these results have been presented previously in abstract form at the 47th annual meeting of the Society for Gynecologic Investigation, 21 to 25 March 2000, in Chicago, Ill.
MATERIALS AND METHODS
Cell culture and evaluation of nitrite production by Ishikawa cells. Ishikawa cells are a human endometrial cell line derived from a well-differentiated endometrial adenocarcinoma that has been shown to mimic endometrial epithelial cells (29) . Ishikawa cells were routinely cultured in Eagle's minimum essential medium (MEM) containing 2 mM L-glutamine, 100 g of penicillin-streptomycin/ml, and 10 mM HEPES supplemented with 10% fetal calf serum at 37°C in a humidified 5% CO 2 atmosphere. The cells were passaged every 10 days and replated in a 75-cm 2 flask at 10 6 /flask. In the subsequent experiments, we investigated the influence of NO-regulating reagents in the MEM and immunohistochemically assessed the presence of NOS II and NOS III enzymes in Ishikawa cells. For NO synthesis analysis, Ishikawa cells were incubated for 24 h in L-arginine-free medium (Life Technologies, Gaithersburg, Md.) or in medium containing D-arginine (Sigma Co., St Louis, Mo.), L-arginine (Life Technologies), or L-arginine combined with a nonselective NOS inhibitor, N G -nitro-L-argine methyl ester (L-NAME; Sigma Co.), at concentrations of 10 Ϫ7 , 10 Ϫ5 , and 10
Ϫ3
M, respectively. The medium was collected and stored at Ϫ70°C for measuring nitrite production (assayed as a stable end stage product of NO). Nitrite concentrations in the medium were measured in triplicate by the high-performance liquid chromatography method as described previously (6) . Briefly, an aliquot of medium was injected into a spectrophotometric nitrite (NO 2 ) and nitrate (NO 3 ) analyzer, which consists of high-performance liquid chromatography pumps, a cadmium-reducing column, a postcolumn reactor, and a UV detector (System Bold 126; Beckman Inc., Fullerton, Calif.). The samples were carried through the analyzer in a 0.3% aqueous ammonium chloride buffer containing 0.07% EDTA (pH 8.0). Nitrates were reduced to nitrites on a cadmium-reducing column. The UV-absorbing derivative was formed by postcolumn reaction with a solution containing 0.1% N-(1-naphthyl) ethylenediamine dihydrochloride and 1% HCl. The areas of the absorbance peak at 546 nm were determined with an integrator.
Immunohistochemistry for detecting NOS II and NOS III in Ishikawa cells. Ishikawa cells were grown and assayed at 37°C with 5% CO 2 in MEM supplemented with 5% fetal calf serum. The cells were fixed in 75% cold acetone for 30 min, and primary monoclonal antibodies directed against NOS-II or NOS-III (Transduction Laboratory) were added. Staining was detected using a biotinylated secondary anti-mouse immunoglobulin G (IgG) (raised in horses) in combination with the avidin-biotin-peroxidase method (Elite ABC Kit; Vector Laboratories, Burlingame, Calif.) with 3,3Ј-diaminobenzidine as a chromogen. As controls, slides were incubated with mouse IgG to substitute for the primary NOS antibodies.
E. coli internalization assay. To assess the effects of NO on bacterial invasion and internalization in Ishikawa cells, we used a Dr ϩ fimbriated clinical isolate of E. coli (strain IH11128 [O75:K5:H Ϫ ])or its Dr Ϫ mutant E. coli Dr 14 (9) . In addition, we used a recombinant strain, BN406 (the laboratory E. coli K-12 strain carrying plasmid pBJN406), encoding the production of Dr fimbriae, and the recombinant E. coli K-12 strain BN17, containing a transposon insertion mutation in the draE gene (Dr Ϫ phenotype) (9, 10, 31) . Because the cellular receptor of Dr ϩ fimbriated E. coli, DAF, was shown to be expressed in epithelial cells, we initially confirmed the expression of DAF in Ishikawa cells. In experiments involving treatment of Ishikawa cells to modulate NO, 10,000 cells per well were 
L-arginine and L-NAME, or Larginine and aminoguanidine (inducible NOS inhibitor) at concentrations of 10 Ϫ7 , 10 Ϫ5 , and 10 Ϫ3 M for 24 h. Following the incubations, the media were removed and the plates were rinsed with phosphate-buffered saline (PBS). Then, bacterial suspensions in 500 l of PBS, prepared as described previously (9, 10) for the adherence assay, were added to monolayers of Ishikawa cells. The plates were then incubated at 37°C in a CO 2 incubator. The bacterial suspensions were removed at 30-min intervals, and the Ishikawa cells were washed twice and incubated for 1 h with MEM containing 200 g of gentamicin per ml to kill the remaining extracellular bacteria. Equal volumes of 200 l were transferred to Eppendorf tubes and lysed with 200 l of 2ϫ lysing mixture containing 20 mM TRIS-HCl, pH 7.5, 2 mM EDTA, and 2% Triton X-100 for 5 min. Three wells were assigned to each time point, and the assays were repeated three times. About 25 l of the lysate was plated on Luria agar plates and incubated overnight at 37°C under 5% CO 2 . The following day, the colonies were counted, and the results are expressed as bacterial CFU per well (9, 10) .
Expression of cellular receptor (DAF) protein in Ishikawa cells. To assess the time-dependent effects of NO on DAF expression, Ishikawa cells were plated in 24-well plates (10,000/well) and then incubated in MEM without L-arginine or MEM containing D-arginine, L-arginine, NO donor, DETA-NO, L-arginine and L-NAME, or L-arginine and aminoguanidine at 10 Ϫ3 M concentration for 12, 24, or 48 h. Following the incubations, the cells were rinsed, collected, and lysed for Western immunoblot analysis. In addition, we assessed the dose dependence of NO on DAF expression in these cells. Ishikawa cells in 24-well plates were incubated in the presence of different doses (10 Ϫ5 , 10 Ϫ4 , and 10 Ϫ3 M) of the above-mentioned reagents for 24 h, and the cells were lysed for detection of DAF by Western immunoblotting.
Equal amounts of total protein of Ishikawa cells were size fractionated under nonreducing conditions in linear 10 to 20% gradient sodium dodecyl sulfatepolyacrylamide gel electrophoresis gels and transferred onto polyvinylidene difluoride membranes. The cell lysate of CHO cells transfected with the human DAF gene served as a positive control. The membranes were blocked in PBS with 5% dry milk-0.05% Tween 20 for 1 h. Incubation with primary monoclonal antibody (clone IH4) to human DAF (courtesy of D. M. Lublin, Washington University School of Medicine, Seattle, Wash.) was carried out overnight at 4°C. The membranes were then washed three times for 30 min each time with PBS-Tween 20 wash buffer and incubated with horseradish peroxidase-conjugated goat-anti-mouse antibody. The immunoconjugates were visualized with an enhanced chemiluminescence kit (Amersham Life Sciences, Piscataway, N.J.) as described previously. The intensities of specific immunoreactive bands were quantified using densitometric scanning. Densitometric units of specific protein bands are expressed relative to the values from background units.
RT-PCR analysis of DAF mRNA expression by Ishikawa cells. For reverse transcription (RT)-PCR analysis, total RNA from 5 ϫ 10 6 Ishikawa cells was extracted with Trizol (Life Technologies) RNA isolation reagent. The RT-PCRs were conducted using 1.0 g of the purified RNA per RT-PCR bead (Amersham-Pharmacia) in a 25-l volume. The primers for human DAF were CTG CGA GGT GCC AAC AAG and AGT AAT ACG ACT CAC TAT AGG GCA TTC AGG TGG TG (product size, 580 bp). The RT reaction was 30 min at 42°C, followed by a 5-min denaturation of the reverse transcriptase and 33 cycles of the following: 95°C for 1 min, 64°C for 1 min, 72°C for 50 s, and finally 72°C for 7 min. We used the human ␤-actin primers GTG GGG CGC CCC AGG CAC CA and CTC CTT AAT GTC ACG CAC GAT TTC (product size, 548 bp) as a positive control (23) . The RT-PCRs were analyzed by running 10 l of the RT-PCR mixtures in 1.5% agarose-1ϫ TAE gels. The results are expressed as the ratio of the densitometric readings for DAF mRNA to those for ␤-actin mRNA. Therefore, the results indicate relative changes in DAF mRNA levels. Finally, the RT-PCR products, obtained with the DAF primers, were identical to the published sequence of human DAF (24, 26) , as confirmed by direct doublestrand sequencing analysis (data not shown). We assessed the effects of various Statistical analysis. The data on bacterial internalization in Ishikawa cells were analyzed using analysis of variance followed by the Bonferroni test. The Mann-Whitney U test was used when the data were nonparametrically distributed (9, 33) . One-way analysis of variance or Student's t test was used to evaluate differences in the intensities of bands from various treatments. For all statistical tests, a P value of Ͻ0.05 was considered to represent a significant difference between the compared values.
RESULTS

Characterization of NO system in Ishikawa cells. (i) Production of NO in Ishikawa cells. We examined NO synthesis by
Ishikawa cells and determined the effects of treatment with the NOS substrate L-arginine, the nonsubstrate stereoisomer Darginine, and the NOS inhibitor L-NAME. L-Arginine induced a dose-dependent and stereospecific increase in nitrite levels, which was inhibited by 0.1 mM L-NAME (Fig. 1A) . These results suggest that Ishikawa cells express NOS and that the production of NO can be experimentally manipulated by NO substrate and inhibitors.
(ii) Immunohistochemistry of NOS II and NOS III proteins in Ishikawa cells. We assessed the presence of NOS II and NOS III enzyme proteins by immunohistochemistry. NOS II and NOS III proteins reactive with the respective monoclonal antibodies were detectable in the cytoplasm of Ishikawa cells (Fig. 1B) . The specificity of staining was demonstrated in the presence of the respective antibodies (Fig. 1B, left) and was absent when the antibodies were replaced with nonspecific mouse IgG (Fig. 1B, right) .
NO regulates E. coli internalization in Ishikawa cells. The Ishikawa model system was next utilized to study the effects of NO on internalization of Dr ϩ E. coli. Treatment with either NOS substrate, L-arginine, or a stable NO donor, DETA-NO, decreased invasion by Dr ϩ E. coli IH11128 in a dose-dependent manner (Fig. 2) . The decreased invasion was blocked by the NO inhibitors L-NAME and aminoguanidine, also in a dose-dependent manner (Fig. 2) . The effects of L-arginine were stereospecific, since the nonsubstrate stereoisomer, D-arginine, did not produce significant changes in bacterial internalization (Fig. 2) . These data suggest that endogenous NO plays a role in modulating Dr ϩ E. coli invasion. In all of the experiments, invasion assays were done following the removal of NO-modifying agents. Therefore, the possible direct effect of NO on bacterial viability was eliminated.
In order to determine whether the NO modulation of E. coli invasion is Dr specific, two laboratory E. coli strains, BN406 (Dr ϩ ) and BN17 (Dr Ϫ ) were utilized. BN17 (draE mutant) is unable to express the structural protein of Dr fimbriae, while E. coli BN406 carries a Dr (draE)-expressing plasmid, pBJN406 (10) . Dr ϩ E. coli BN406 displayed a level of invasion of Ishikawa cells similar to that of the clinical strain IH11128 (Fig. 2 and 3A) . Suppression of NO production with different NOS inhibitors enhanced the invasiveness of BN406, and either an NO donor or NOS substrate reversed this effect (Fig.  3A) . In contrast, Dr Ϫ BN17 E. coli did not invade Ishikawa cells (Fig. 3B) , and reagents that alter NO synthesis in these (Fig. 4A ). Densitometric analysis of the DAF bands showed that both L-arginine and DETA-NO inhibited, while L-NAME and aminoguamidine reversed, the inhibitory effects of L-arginine on the expression of DAF protein in Ishikawa cells (Fig. 4B) . D-Arginine, the nonsubstrate stereoisomer of L-arginine, had no effect. The effects of L-arginine and DETA-NO were dose dependent (Fig. 5) , with the effects of L-arginine showing pronounced time dependency (Fig. 6) . Maximal inhibition by Larginine was observed after 24 to 48 h of treatment (Fig. 6 ). These studies indicate that NO is capable of regulating DAF protein expression in Ishikawa cells in a time-and concentration-dependent manner.
(ii) RT-PCR analysis of DAF mRNA in Ishikawa cells. We examined the effects of NO manipulations on DAF gene expression at the mRNA level by RT-PCR analysis. The data on the expression of mRNA for DAF in Ishikawa cells following treatments with L-arginine, D-arginine, DETA-NO, L-NAME, and aminoguanidine are presented in Fig. 7 . Treatment with either L-arginine or DETA-NO, but not D-arginine, decreased DAF mRNA expression, while treatment with either NO synthase inhibitor, L-NAME, or aminoguanidine reversed this effect (Fig. 7A) . The densitometric analysis, relative to ␤-actin mRNA, indicated that the changes in DAF mRNA with these treatments were significant (Fig. 7B) . The effects of L-arginine and DETA-NO were concentration dependent ( Fig. 8 and 9 ), while D-arginine had no effect at the tested concentrations (Fig. 10) The results from the RT-PCR analysis are consistent with the data obtained by Western blotting of DAF protein in these cells, indicating that the effects of NO are at the mRNA level, likely secondary to changes in transcription.
DISCUSSION
In the present study, we utilized Ishikawa cells, a line derived from a well-differentiated endometrial adenocarcinoma, to investigate the role of NO in the regulation of bacterial invasion. We demonstrated that Ishikawa cells express both NOS II and NOS III isoforms and generate NO in the presence of Larginine. The NO generated by Ishikawa cells substantially inhibited the invasion of Dr ϩ but not Dr Ϫ E. coli, an effect that was reversed by NOS inhibitors. The effects of NO modifiers on the bacterial invasion were both time and dose dependent. and mRNA in a dose-and time-dependent manner, suggesting that the effects of NO on bacterial invasion may be mediated by regulation of DAF, the Dr Ϫ fimbria receptor. Therefore, we propose that NO generated in endometrial epithelial cells down-regulates DAF and thus reduces invasion of these cells, thereby playing a role in epithelial resistance to an invasive pathogen.
DAF (CD55) is a complement-regulatory protein that protects cells from autologous complement-mediated damage (15) . DAF is widely expressed on blood cells, epithelial cells, endometrial cells, uterus, and kidney (15) , and its levels of expression may play a role in modulating the pathophysiology of many disease processes. Low levels of DAF have been implicated in the destruction of red cells in patients with paroxysmal nocturnal hemoglobinuria and in luteal phase defect of the endometrium associated with infertility or pregnancy loss (37) . Conversely, higher levels of expression of DAF were implicated in the escape of malignant cells of colon and endometrial carcinoma from complement-mediated lysis (11, 18, 34) . In addition, DAF expression may have a protective role in renal transplant rejection (35) . The altered expression of DAF has been associated with cytokine expression (interleukin-2 and interleukin-4) or the level of progesterone (17, 20, 22) . Here, we report the first study to demonstrate the modulation of DAF levels by NO. Since DAF is a key immunoregulatory molecule protecting tissues from cytotoxic effects of complement, NO through the regulation of DAF, could also modulate the complement system and thus control the basic host defense mechanisms. Therefore, we speculate that several pathologies resulting in differential DAF expression could potentially benefit from the novel therapeutic approaches based upon NO regulation of DAF expression.
NO is known to be generated by different cell types in a variety of tissues. Our group and other researchers have demonstrated that NO is produced by a variety of uterine cell types, including endometrial epithelium, metrial glands, decidua, myometrial cells, NK cells, and macrophages (6, 7, 28, 38, 40) . Previous work has also implicated NO as a modulator of uterine infection, including the finding that NO inhibition increased the lethality of experimental intrauterine infection in pregnant rats and that intrauterine infection results in a localized increase in NO synthesis (9, 30) . These data, together with the observation that the uterine endometrium expresses both NOS II and NOS III (38) , suggested that endogenous NO may be involved in the uterine defense against bacterial infection.
Using Ishikawa cells, we investigated a potential mechanism of NO regulation of epithelial infection. These studies demonstrated that the invasion by E. coli of Ishikawa cells was regulated by NO generation. The incubation of Ishikawa cells with L-arginine inhibited bacterial invasion in a time-and dosedependent manner. This effect of L-arginine was specific, because D-arginine was ineffective and the effects of L-arginine were blunted in the presence of NOS inhibitors (L-NAME and aminoguanidine). In addition, provision of an NO donor, such as DETA-NO, also effectively inhibited the internalization of bacteria into the endometrial cells. Moreover, the inhibitory effects of NO on E. coli invasion were dependent upon the presence of Dr fimbriae, indicating the possible involvement of endometrial cellular receptors for Dr ϩ E. coli in these processes. It has been documented that clinical (IH11128) and laboratory (BN406) E. coli strains that express Dr fimbriae, but not BN17 (and the clinical isogenic mutantDR14 [data not shown]), which lacks Dr fimbria expression (9), could invade epithelial cells. In this study, using the same strains, we show that a NO donor decreases while NO inhibition increases invasion of fimbriated strains. The possible direct effect of NO on bacterial viability was eliminated in our studies, since the medium containing NO-modifying agents was removed prior to the invasion assay. Also, a prior study showed no direct effect of NO on E. coli viability in vitro (33) . Previous studies of Dr fimbriae or other Dr family adhesins and their corresponding epithelial receptor, DAF, have provided evidence that adhesin ligand-mediated invasion is directly proportional to the receptor density. For example, an increase in DAF expression from 100 to 150% increases invasion by 50%. In this study, NO-induced decreases in DAF density are parallel to the reductions in bacterial invasion. Similarly, inverse effects were observed with NO inhibition. Although alternative explanations of this phenomenon may be considered, the most plausible is that NO regulates DAF expression, which in turn affects invasion (9, 10, 21) .
The mechanisms by which NO alters the severity of infection in experimental rats is not well understood. Previously suggested mechanisms of antibacterial NO action include direct killing of bacteria through cytotoxic effects and DNA damage (2, 5) . Several pathogens, including Dr ϩ E. coli, utilize DAF and structurally related complement regulators to attach and invade host cells. Intracellular pathogens have developed sophisticated mechanisms of intracellular survival, for example, by avoiding phagolysosomal fusion, and therefore escape NOmediated intracellular killing (10, 36) . We now postulate that in situations in which intracellular killing is limited, the host's best strategy to avoid protracted infection may be to reduce the expression of epithelial receptors and, as a result, decrease bacterial attachment and invasion. The significance of the NOmediated decrease in invasion is that it may represent a novel unrecognized epithelial defense mechanism.
